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Introduction {#sec0005}
============

The bacterial ribosome is a large ribonucleoprotein particle with an approximate molecular mass of 2.5 MDa and a diameter of 200--250 Å. This intricate macromolecular machine is conducting the functionally complex translation of the mRNA-based genetic information into the amino acid sequence of proteins. This process is conceptually divided into four phases: first, initiation, where the ribosome --- equipped with initiator tRNA --- is positioned at the translation initiation region of the mRNA; second, elongation, when polypeptide synthesis occurs; and third, termination, where the newly synthesized protein is released after the ribosome encounters a stop codon; these steps are followed by; fourth, recycling of the ribosome into its subunits for the next round of protein synthesis. The underlying structural complexity of the ribosome became apparent by the work of Waller in 1964, who demonstrated the presence of a vast number of different ribosomal proteins (r-proteins) \[[@bib0005]\]. This finding initiated a long-term debate on the homogeneity of bacterial ribosomes \[[@bib0010; @bib0015]\], which was challenged by several studies performed in the early 1970s indicating the existence of ribosomal subpopulations that vary in their protein complement in response to different growth rates and environmental conditions \[[@bib0020; @bib0025; @bib0030; @bib0035; @bib0040]\]. Despite these intriguing observations, bacterial ribosomes are traditionally still viewed as homogeneous entities that have to be equipped with the same complement of r-proteins and rRNA molecules to precisely accomplish all steps in protein synthesis. This concept was further perpetuated and strengthened by the determination of atomic resolution structures of the ribosome at the beginning of the millennium \[[@bib0045; @bib0050; @bib0055; @bib0060]\]. Consequently, ribosomes were not considered to have an intrinsic regulatory capacity, and the efficiency of translation was suggested to be determined either by features inherent to the mRNA or mediated by protein or RNA regulators.

In contrast to this perception recently emerging evidence reinforced the notion that subpopulations of heterogeneous and functionally specialized ribosomes are engendered when bacteria encounter environmental stress. In this review we summarize these discoveries and discuss several principles of ribosome heterogeneity, which underline the intrinsic capacity of ribosomes to act as key regulators of translation rather than just as protein synthesis machineries. Besides the ribosome diversification induced by external cues, we likewise discuss the concept of intrinsic ribosome heterogeneity conveyed by variations of the modification of ribosomal RNA and protein components ([Box 1](#tb0010){ref-type="boxed-text"}; [Figure 1](#fig0005){ref-type="fig"}). By virtue of these alterations, which could potentially also be regulated, the bacterial cell might be equipped with functional diverse translational machineries even under relaxed conditions.

General features of the ribosome {#sec0010}
================================

The bacterial ribosome (70S) is composed of two asymmetric subunits, the 30S and the 50S subunit, which assemble at the ribosome binding site on the mRNA during translation initiation. Each subunit contributes to specific functions in protein synthesis. In *Escherichia coli* the small 30S subunit is composed of the 16S rRNA consisting of 1542 nucleotides (nts), and 21 proteins. Its shape is largely determined by the RNA component, which forms the three domains, the head, the platform, and the body ([Figure 2](#fig0010){ref-type="fig"}a) \[[@bib0055]\]. It mediates the step of initiation and contains the binding sites for the three initiation factors as well as the messenger decoding center, where the respective codons of the mRNA are base-paired with the anticodon of the cognate tRNA. The large 50S subunit consists of two different rRNAs, the 23S rRNA (2904 nts) and the 5S rRNA (120 nts), and 34 proteins. It catalyzes peptide bond formation at the peptidyl transferase center, provides the binding sites for the elongation factors and comprises the exit tunnel for the nascent peptide chain.

Variation of the ribosomal protein complement {#sec0015}
=============================================

In light of this structural and functional complexity a variety of different mechanisms leading to heterogeneity and consequently to the generation of functionally specialized ribosomes can be envisaged. As already suggested by studies mentioned above, ribosomes could differ in the stoichiometry of r-proteins \[[@bib0020; @bib0025; @bib0030; @bib0035; @bib0040]\]. Despite the catalytic activity of the rRNA in protein synthesis, the variation of or deficiency in some r-proteins could contribute to a fine tuning of ribosome function and in particular to its selectivity for distinct transcripts, a mechanism that is, well established in eukaryotes: a study performed already in 1981 in the slime mold *Dictiostelium discoideum* revealed that ribosomes from vegetative amoeboid cells differ in their protein content from ribosomes derived from spores \[[@bib0065]\]. This idea was further put forward by Mauro and Edelman in their 'ribosome filter hypothesis' in which the ribosome acts like a filter that selects for specific mRNAs and hence modulates translation \[[@bib0070]\]. Later on, the existence of ribosome protein paralogs in *Saccharomyces cerevisiae*, which contribute to the generation of functionally distinct ribosome populations, supported the new level of complexity in the regulation of gene expression and the term 'ribosome code' was coined \[[@bib0075]\]. Conversely, in prokaryotes the ribosome was generally not considered as a source for translational regulation, despite the first indications of heterogeneity due to alteration in the stoichiometry of r-proteins made almost 40 years ago \[[@bib0015; @bib0025; @bib0080; @bib0085]\]. In 1972, Deusser and Wittmann described a growth-rate-dependent variation in the protein composition of *E. coli* ribosomes. Their data revealed that the amount of proteins S6, S21, and L12 differs significantly, when ribosomes were prepared from cells grown either in rich or minimal media \[[@bib0025; @bib0035]\]. These observations are consistent with results published by Weber in 1972 \[[@bib0090]\] and Milne *et al.* in 1975 \[[@bib0040]\]. Moreover, protein S1, which is essential for translation initiation on canonical mRNAs \[[@bib0095]\], was found to be present in substoichiometric amounts on 70S ribosomes resulting in functional ribosome heterogeneity \[[@bib0080; @bib0100]\]. Surprisingly, since these early times in ribosome research only little attention has been dedicated to the regulatory role of the ribosome in bacterial translation.

More recently, several lines of evidence for the functional specificity of ribosomes harboring a reduced protein complement emerged from studies performed to enlighten the requirements for translation of leaderless mRNAs (lmRNAs), which harbor a 5′-terminal AUG start codon and are thus devoid of canonical ribosome recognition signals \[[@bib0105; @bib0110; @bib0115; @bib0120; @bib0125; @bib0130]\]. Collectively, these studies suggest a model wherein a subpopulation of ribosomes lacking protein S1 is responsible for translation of leaderless transcripts *in vivo* \[[@bib0120]\]. This notion was further underlined by a study performed to decipher the phenomenon of enhanced translational efficiency of lmRNAs in an *E. coli rpsB*^*ts*^ mutant strain conditionally deficient for r-protein S2 \[[@bib0105]\]. The results reveal that S2 is required for binding of protein S1 to the ribosome. Consequently, the lack of S1 can readily explain the inhibition of bulk (canonical) mRNA translation in the *E. coli rpsB*^*ts*^ mutant strain under non-permissive conditions \[[@bib0105]\]. Taken together with the observation that S1 is present in substoichiometric amounts on 70S ribosomes \[[@bib0100]\], these results implicated for the first time that ribosome heterogeneity might contribute to the functional selectivity of the translational machinery under distinct conditions. Recently, this notion gained further support by additional data substantiating the presence of a subpopulation of S1-depleted ribosomes under normal physiological conditions in *E. coli* cells \[[@bib0135]\]. Thus, it is tempting to speculate that conditions that might increase the S1-deficient ribosomal subpopulation could specifically stimulate the translation of lmRNAs.

In line with these observations, a follow-up study performed to explore the selective effect of the aminoglycoside antibiotic kasugamycin on translation initiation of lmRNA revealed the appearance of ribosomes in *E. coli* that lack several r-proteins \[[@bib0140]\]. These ribosomes are depleted for at least six proteins from the 30S subunit, among which are the functionally important proteins S1 and S2. However, the characterization of these protein-depleted 61S particles revealed that they are competent in translation of lmRNAs even in the presence of kasugamycin *in vivo* and *in vitro* \[[@bib0140]\]. Notwithstanding the artificial conditions, which trigger the release of proteins S1, S2, S6, S18, S12, and S21 from the mature 70S ribosome ([Figure 1](#fig0005){ref-type="fig"}), this study presented the first evidence for the functionality of ribosomes devoid of multiple proteins, and puts forward the idea that the protein complement of the ribosome can vary in response to changed physiological conditions, which in turn leads to a modulation of the activity and specificity of the protein synthesis machinery. However, it is important to note that in contrast to the formation of 61S particles, where the r-proteins are removed from mature 70S ribosomes in the presence of kasugamycin, it still remains elusive whether the observed generation of protein-depleted ribosomes \[[@bib0015; @bib0020; @bib0025; @bib0030; @bib0035; @bib0040; @bib0080; @bib0085; @bib0090; @bib0100]\] can be attributed to the incorporation of premature subunits or whether these r-proteins are removed or lost from mature ribosomes.

Variation of the ribosomal RNA complement {#sec0020}
=========================================

Considering the catalytic activity of the rRNA in ribosome function, it is conceivable that variability within the RNA component could likewise represent a potential mechanism to establish functional ribosome heterogeneity. The presence of multiple individual *rrn* operons in bacteria and the observed differential regulation of the seven rRNA operons present in *E. coli*, which slightly differ in sequence, add significant weight to this argument \[[@bib0145; @bib0150; @bib0155]\] ([Figure 1](#fig0005){ref-type="fig"}). Taken together these data support a model wherein sequence micro-heterogeneities of the *rrn* operons might contribute to the modulation of activity and specificity of the ribosome in response to environmental changes \[[@bib0145]\]. This hypothesis can be exemplified by the observation that during the morphological development of the Gram-positive bacterium *Streptomyces coelicolor* the heterogeneous rRNA molecules encoded by distinct rRNA operons are differentially expressed and assembled into the ribosomes \[[@bib0160; @bib0165]\]. Considering that the differentiation of Streptomycetes generally coincides with the production of antibiotics, some of which target the protein synthesis machinery, these results underscore the possibility that variations in the rRNA may play a significant role in the control of gene expression in response to developmental cues \[[@bib0160]\]. However, it is still an open question whether an alteration in translational specificity can be attributed to ribosomes containing different rRNA species.

The surprising discovery that the 16S rRNA of assembled ribosomes becomes 3′-terminally truncated when *E. coli* cells encounter stress completely changed the perception of ribosome-mediated regulation of protein synthesis \[[@bib0170]\]. Stress-induced activation of the endoribonuclease MazF, the toxin component of the toxin-antitoxin system *mazEF* \[[@bib0175]\], results in cleavage of the 16S rRNA at the ACA-site located at positions 1500--1502 ([Figure 3](#fig0015){ref-type="fig"}) \[[@bib0170]\]. Since thereby the anti-Shine Dalgarno sequence, which is crucial for translation initiation on canonical mRNAs, is removed, the altered ribosomes selectively translate lmRNAs that are likewise generated by MazF \[[@bib0170]\]. It is intriguing to note that this specialization of the translational machinery does neither rely on *de novo* ribosome biogenesis nor on the synthesis of regulatory RNA or protein factors, since the MazF-mediated cleavage occurs on mature 30S subunits or 70S ribosomes. Hence, this ribosome modification represents a paradigm for a highly economical and fast-reacting regulatory mechanism, which is conceptually related to the translational regulation by riboswitches or ribozymes \[[@bib0180]\]. Moreover, as the variation is achieved by virtue of RNA cleavage, which is independent of cell growth, this post-transcriptional stress response pathway might be of physiological relevance for cells encountering hostile conditions, e.g. during host infection. Thus, it is tempting to speculate that the shift of ribosome specificity during bacteriostasis provides a means to prepare the translational program of stressed cells for recuperation under ameliorated conditions, which would, for example, facilitate growth recovery of bacterial pathogens when the antibiotic treatment is stopped.

Conclusion and future directions {#sec0025}
================================

The results summarized in this review emphasize that the bacterial ribosome can effectively and economically integrate environmental signals in the regulatory network of protein synthesis. Since the 'hot spots' of ribosome variability are mainly clustered at the 30S subunit, in close proximity to the decoding center ([Figure 2](#fig0010){ref-type="fig"}), these studies collectively indicate that ribosome heterogeneity can be considered as a potential means to fine tune translation in response to environmental cues at the level of initiation, the major rate limiting step in protein synthesis \[[@bib0185; @bib0190]\]. Surprisingly, this regulatory role of the bacterial ribosome was not appreciated until recently, what might be attributed at least partially to the main focus on the structural and functional characterization of the translational apparatus, which was intentionally based on the purification of homogeneous ribosome populations from exponentially growing cells. In light of this consideration, the identification of more variations can be anticipated when studying the composition of ribosomes purified from bacteria that encountered adverse conditions. Moreover, the vast amount of data that becomes available by global RNA-seq analyses performed under diverse conditions could likewise indicate the differential regulation of ribosomal components and thus potentially facilitate the search for heterogeneous ribosome populations.

In light of the enormous amount of energy required for ribosome biogenesis, one puzzling question raised by these findings, namely the fate of the specialized ribosomes, still remains elusive. A single study addressing the mechanism of ribosome repair provided evidence that the replacement of damaged r-proteins restores translational activity of chemically inactivated ribosomes \[[@bib0195]\]. Since the majority of the proteins involved in ribosome heterogeneity --- with the exception of proteins S6 and S18 --- are determined to be exchangeable, this study strongly corroborates the regulatory function of the ribosome and provides a possible mechanism to reverse the specialization of the translational machinery. Therefore, the unexpected observation that the specificity of fully assembled ribosomes, which are already translationally active, can be modulated has opened up new avenues for the bacterial stress response, as the ribosome represents a novel hub in the complex regulatory network of cell physiology.
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![Known and predicted mechanisms underlying ribosome heterogeneity in *E. coli*. Intrinsic ribosome heterogeneity under relaxed conditions could be attributed to **(i)** the presence of seven *rrn* operons that slightly differ in sequence (sequence micro-heterogeneity; indicated by different colors of the arrows representing the *rrn* operons; not drawn to scale), and **(ii)** diverse modifications of the 16S rRNA (indicated by stars) or **(iii)** the assembly of modified r-proteins (indicated by dots) during ribosome biogenesis. However, as the expression of the *rrn* operons as well as of the modifying enzymes can be affected by external signals, these mechanisms could likewise result in induced ribosome heterogeneity, thereby specifically adapt translational activity and/or specificity to environmental conditions. In response to stress conditions ribosomes can be altered by **(iv)** conditional modification of the rRNA either during ribosome biogenesis \[[@bib0235]\] or on mature ribosomal subunits \[[@bib0240]\], **(v)** removal \[[@bib0140]\] or exchange of r-proteins by a mechanism shown by \[[@bib0195]\], and by **(vi)** the truncation of the 16S rRNA via the stress-induced endoribonuclease MazF \[[@bib0170]\]. Mechanisms that contribute to the generation of heterogeneity during biogenesis are depicted by straight arrows, whereas circular arrows indicate the alteration of mature ribosomes.](gr1){#fig0005}

![The 'hot spots' of induced ribosome heterogeneity. Structure of the 30S subunit from the solvent side **(a)**, rotated about 90° around the vertical axis **(b)**, and from the subunit interface **(c)**. The stoichiometry of r-proteins S1 (tentative binding site on the ribosome is indicated by a blue circle), S2 (blue), S6 (purple), S12 (green), S18 (pink), and S21 (yellow) is affected in response to environmental cues or by the presence of the aminoglycoside antibiotic kasugamycin \[[@bib0025; @bib0035; @bib0140]\]. Nucleotides 1500--1542 of the 16S rRNA (termed 'RNA43' when cleaved off by MazF) are shown in magenta. Other r-proteins and the 16S rRNA are shown in gray. The structure was modeled using Polyview 3D molecular system software \[[@bib0260]\] and PDB file [2AVY](pdb:2AVY) \[[@bib0265]\].](gr2){#fig0010}

![MazF-dependent generation of stress-ribosomes. **(a)** The secondary structure of the *Escherichia coli* 16S rRNA is depicted. The helices 44 and 45 are enlarged, the ACA-site is indicated in magenta and the position of MazF cleavage between nucleotides A1499 and A1500 is indicated by an arrow. **(b)** The structure of the 30S subunit as seen from the solvent side. The tRNAs are shown in black, and the mRNA bound to the ribosomal subunit is shown in green. RNA43 of the 16S rRNA, which is removed upon MazF cleavage (shown in magenta), interacts via formation of the Shine and Dalgarno duplex with the mRNA. The structure was modeled using Polyview 3D molecular system software \[[@bib0260]\] and PDB file [2HGP](pdb:2HGP) \[[@bib0270]\].](gr3){#fig0015}

###### More ways toward ribosome heterogeneity: modification of rRNAs and r-proteins.

In all living organisms including bacteria both RNA and protein complement of the ribosome are subjected to a variety of chemical modifications. The majority of post-transcriptional modifications of rRNA are restricted to the process of ribosome biogenesis \[[@bib0200]\], where they are suggested to serve as quality control check points during the maturation of the ribosome \[[@bib0205]\]. In general, these modifications cluster at functionally important regions of the ribosomal subunits, the decoding region on the 30S and the peptidyl transferase center on the 50S subunit, where they can influence both ribosome structure and function \[[@bib0210; @bib0215; @bib0220]\]. Unlike most of the 23S rRNA modifications \[[@bib0225]\], the modifications present in the 16S rRNA are not essential for cell viability or ribosome assembly \[[@bib0230]\]. Therefore, it is tempting to speculate that variations in the modification pattern of the 16S rRNA introduced during ribosome biogenesis could represent a valuable means for the functional diversification of ribosomes. This assumption is supported by the conditional methylation of an adenine residue of the 23S rRNA located in the nascent peptide exit tunnel conferring resistance against macrolide antibiotics. As the modification retards translation, the residue is only modified when macrolides are present. Besides ribosome stalling, macrolides interfere with 50S assembly thus leading to the accumulation of precursor particles that represent the substrates for the Erm-type methyltransferases \[[@bib0235]\]. Hence, the conditional alteration of the drug binding site introduced during ribosome assembly ensures the continuous protein synthesis in the presence of macrolides. Moreover, there is evidence for conditional rRNA modification of mature ribosomal subunits in response to stress conditions \[[@bib0240]\]. The heat-inducible methyltransferase FtsJ of *E. coli* was identified to introduce a ribose methylation at nucleotide U2552 of the 23S rRNA in assembled 50S subunits \[[@bib0240]\]. The temperature sensitive phenotype of the *ftsJ* deletion mutant strain indicates the importance of the modification under heat shock conditions. However, it is still not explored whether this methylation confers a structural stabilization or in addition results in a functional specificity of the ribosome.In addition to rRNA modification there is a growing number of evidence that r-proteins in *E. coli* are post-translationally modified \[[@bib0245; @bib0250]\]. Moreover, one study indicates that several r-proteins are differentially acetylated when comparing proteins from *E. coli* cells grown at exponential or stationary phase \[[@bib0255]\]. However, as the authors only performed a global proteome analysis, it still remains to be elucidated whether the identified modified proteins are present on the ribosome. Nevertheless, in light of the potential exchange mechanism observed for some r-proteins of mature ribosomes \[[@bib0195]\], it is conceivable that diverse modifications of r-proteins could likewise contribute to the modulation and fine tuning of the selectivity and activity of bacterial ribosomes in response to varying growth conditions.
